al., 1999). As with any screening approach that uses direct translation. Radiolabeled protein pools made in this way had a signal several-fold higher than that obconventional cDNA libraries, a major limitation is the tained from coupled transcription-translation reactions fact that genes are often over-or underrepresented in of pBlueScript-based plasmid DNA. such libraries. Furthermore, while pools are relatively Translated products generated from four representasmall, identification of individual clones often takes tive pools of Drosophila Gene Collection clones and aslonger than the initial screen, and clones occasionally sessed by SDS-PAGE/autoradiography are shown in are not recovered. The use of a normalized, annotated Figure 1A . A broad range of radiolabeled proteins of library from an organism would represent an ideal way varying sizes was detected. In general, approximately to perform biochemical screens using the IVEC ap-80%-85% of predicted proteins of the appropriate size proach. Clones would be equally represented within can be readily detected within pools after an overnight pools, the responsible gene within positive pools could exposure. To identify substrates of the cell cycle kinase be quickly isolated because the identity of each clone PNG, pools of labeled proteins made from Release 1 in every pool would be known a priori, and the entire were incubated in a kinase reaction with active PNG genome of an organism could be sampled in a short complex consisting of recombinant PNG/GST-PLU/GNU time. Here, we describe the development of an IVEC expressed and purified by using the Sf9/baculovirus screening approach using Drosophila Gene Collection system. Potential contribution of other kinases within and the isolation of a PNG kinase substrate, Mat89Bb, reticulocyte lysates was minimized by substantially diessential for S-M cycles of early Drosophila embryoluting (20-fold) lysate into the reaction. As a negative genesis, Xenopus embryonic cell cycles and morphocontrol, labeled protein pools were also incubated with genesis, and cell division in cultured mammalian cells.
an inactive form of the complex (GST-PLU/GNU) lacking the PNG subunit. Reaction products were analyzed Results and Discussion by SDS-PAGE and autoradiography. Candidate substrates were identified as bands within pools that mi-DIVEC Screen for PNG Kinase Substrates grated with slower mobility following treatment with The Drosophila Gene Collection (Stapleton et al., 2002) active PNG kinase complex compared to the control comprises full-length, annotated cDNAs representing reaction ( Figure 1B ). Positive pools were confirmed by the majority of known genes in Drosophila melanogasretesting, and the apparent molecular weight of each ter. Release 1 consists of 5849 cDNAs corresponding to protein that exhibited a PNG-dependent shift was estiw43% of the Drosophila genome. Clones are arrayed in mated by comparison to standard markers. Candidate 17 384-well plates, with the first 4 plates consisting of clones within each pool were selected based on preclones in a pBlueScript vector, and the remainder condicted sizes of the encoded proteins and tested individsisting of clones in the vector pOT2a. Taking advantage ually as PNG substrates. of the fact that we can generate active recombinant A summary of results from our DIVEC screen for PNG PNG kinase complex and that phosphorylation of a substrates with the Drosophila Gene Collection Regiven protein can alter its mobility on SDS-PAGE, we lease 1 is shown in Table 1 . Seven genes were identified have applied the IVEC screening methodology to Rewhose protein products had altered mobility (shifted lease 1 of the Drosophila Gene Collection in an apupward) after incubation with active PNG kinase (Figure proach that we have termed Drosophila IVEC ("DIVEC") 1C). One of these seven genes is gnu, which we preto identify PNG kinase substrates.
viously showed encodes both an activator and subClones from the Drosophila Gene Collection Release strate of PNG kinase (Lee et al., 2003) . Other than gnu 1 were individually grown, and bacterial cultures were and CG5739, a gene of unknown function, the other pooled in groups of 24 (each group representing a row five genes are evolutionarily conserved with vertebrate from the original 384-well plates) for plasmid DNA isolahomologs. Of particular interest are the genes encoding tion. These DNA pools were used to generate radiolaMat89Bb and the small ribosomal protein subunit beled protein pools in a coupled transcription-translamRpS22. Mat89Bb shares a maternal expression pattern tion reticulocyte lysate system. Initial tests indicated with PNG, PLU, and GNU (Stebbings et al., 1998), and that, although strongly radiolabeled protein pools could the PNG kinase complex regulates Cyclin B levels postbe generated from pOT2a-based plasmid pools, only transcriptionally, possibly via regulation of its translaweakly radiolabeled protein pools were generated from tion (Fenger et al., 2000) . Given that Mmp2, which shifts pBlueScript-based clones. It is likely that poor labeling weakly after PNG treatment, is a membrane bound matof pBlueScript-based clones is due to the GC-rich rix metalloproteinase that localizes to the cell surface content of the polylinker site that decreases transcrip-(Llano et al., 2002), it is unlikely to be a bona fide PNG tion/translation efficiency. Given that transcription is substrate. Except for the guanyl-nucleotide exchange the limiting step in coupled transcription-translation factor CG9139, the other genes identified as PNG subreactions, we bypassed the requirement for transcripstrates have not been previously characterized. tion of pBlueScript-based clones. Consequently, pBlueTo confirm that the decreased SDS-PAGE mobility of Script-based clones (Release 1 plates 1-4) were indicandidate PNG substrates is actually due to phosphorvidually amplified by using primers containing vector ylation, samples were treated with Lambda Phosphasequences flanking the polylinker. PCR products were tase after PNG kinase incubation. Treatment with Lambda pooled in groups of 24 for mRNA synthesis by using a Phosphatase completely reversed the mobility shifts of T7 promoter introduced into the upstream PCR primer, Mat89Bb ( Figure 1D , upper panel) and four other candidate PNG substrates (data not shown), thereby conand mRNA pools were added to reticulocyte lysates for firming that these shifts are a consequence of phosWe previously identified the type I phosphatase PP1 87B as a dominant suppressor of png in a sensitized phorylation. In contrast, the mobility shifts of GNU and mRpS22 observed after incubation with PNG kinase screen for genes that suppress or enhance png (Lee et al., 2001). One explanation for this genetic interaction were not altered by subsequent treatment with Lambda Phosphatase ( Figure 1D , lower panel). This result, howis that PP1 may dephosphorylate substrates of PNG, thereby counteracting its activity. We therefore tested ever, did not rule out the possibility that these mobility shifts are due to phosphorylation by PNG (as opposed whether PP1 could dephosphorylate GNU after incubation with the PNG complex. Treatment with PP1 comto another modification) because not all phosphoproteins are susceptible to Lambda Phosphatase.
pletely reversed the effects of PNG kinase on GNU mo- Figures 2D and 2F ). mutation of any of the members of the PNG kinase One possible explanation for this difference is that complex (png, plu, or gnu) results in a giant nuclei pheMat89Bb is only one of several in vivo substrates of the notype (DNA replication uncoupled from mitosis, lead-PNG kinase complex that mediates its effects on the ing to polyploidy in embryos from mutant females) cell cycle. Another consideration is the experimental (Freeman and Glover, 1987; Freeman et al., 1986; Shaconstraints that limit how soon after egg collection that manski and Orr-Weaver, 1991), the PNG substrates injections of double-stranded RNA can be performed identified by DIVEC screening might similarly be re-(at least 38 min in our experience). The giant nuclei quired for normal embryonic cell cycles. Given the genes (and presumably substrates of the PNG kinase small number of PNG substrates identified in our DIVEC complex) are required as early as the first embryonic screen and the lack of pre-existing mutations in the mitotic division following fertilization (Freeman et al., genes encoding these proteins, we used RNA interfer-1986; Shamanski and Orr-Weaver, 1991). In order for ence to rapidly assess the consequences of "knocking RNA interference to have an effect on a cellular process down" the gene function of each identified PNG subover a narrow window of time, such as during the early strate. RNA interference was performed by injection of syncytial divisions, the targeted protein must be turned double-stranded RNA corresponding to each candidate over rapidly. In our attempts to knock down the funcsubstrate into syncytial embryos and unfertilized eggs tion of the giant nuclei genes png or gnu by RNA interfrom wild-type Drosophila females, followed by DAPI ference in syncytial embryos or unfertilized eggs as a staining to visualize the DNA.
positive control, we observed no effect on cell cycles RNA interference of Mat89Bb gave rise to a phenoor polar body structure, as assessed by DAPI staining type similar to that of the giant nuclei mutants, and this (data not shown). RNA interference of the remaining phenotype is consistent with excessive DNA replication five PNG kinase substrates identified by DIVEC screenin both fertilized and unfertilized eggs (Figure 2) . In uning in syncytial embryos or unfertilized eggs similarly fertilized eggs from wild-type females, the four meiotic resulted in no obvious defects (data not shown). Thus, products are maintained in a condensed state to form negative RNA interference results do not rule out the distinctive rosette-like structures known as polar bodpossibility that these other in vitro substrates of PNG ies. In unfertilized eggs from giant nuclei mutants (png, kinase may be bona fide substrates required for normal plu, or gnu), the meiotic products are decondensed and embryonic cell cycles and maintenance of polar bodies. Figure 3B ), indicating that the morpholino effects were specific. resulted in a developmental delay at gastrulation in 100% (50/50) of injected embryos ( Figure 3A ) and subGiven that RNA interference of Mat89Bb in Drosophila syncytial embryos results in polyploidization, we sequent defects in which the embryos were shortened along the anterior-posterior axis ( Figure 3B) ; complete performed DNA staining of the Mat89Bb morpholinoinjected Xenopus embryos to determine whether they arrest occurred in all (50/50) embryos following injection of higher concentrations (>200 ng) of Mat89Bb were similarly affected. 100% of the Mat89Bb morpholino-injected embryos stained more intensely with promorpholinos (data not shown). A similar delay in Xenopus embryogenesis has been reported following morpidium iodide than embryos injected with control morpholinos, suggesting that they have an increased DNA pholino-mediated downregulation of Cyclin E (Audic et al., 2001), which is normally required for proper initiacontent ( Figure 3C ). Because DNA of Xenopus embryos is difficult to visualize by microscopy due to the large tion of DNA replication. Unlike Cyclin E, however, Xenopus embryos with decreased Mat89Bb levels do not amount of yolk protein, we isolated animal cap explants from embryos injected with either control or Mat89Bb develop normally and have defects consistent with Table S1 ); assuming a spherical cleated cells (Figures 3F-3I ). This observed increase in the DNA content of HeLa cells following downregulashape, this increase in area represents a 2-fold increase in nuclear volume. The average intensity of DNA staintion of Mat89Bb is remarkably similar to our results with Drosophila embryos and eggs and Xenopus embryos ing per unit area was identical, however, confirming that the Mat89Bb morpholino caused polyploidy (Suppleand is a phenotype not commonly observed in cultured mammalian cells treated with shRNA (David Sabatini, mental Table S1 ). Cell size was increased, also consistent with mitotic failure and early developmental arrest. ila was technically difficult due to the relatively low numbers of embryos that could feasibly be injected.
DIVEC Screen for PNG Kinase Substrates
Despite the observed differences in phenotypes, these interacting proteins by using this approach should pro- 
